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 7 
Abstract: Sub-Saharan African region currently suffers from the lack of clean energy and heavy postharvest loss. 8 
Hence, a biogas driven combined cooling, heating and power generation system that harmonises power generation 9 
with food drying and cold storage is studied in the context of current renewable energy policies of the Nigerian 10 
government. Wastes from a community cattle market are assessed for biogas generation that is subsequently used 11 
to power a 72 kW internal combustion engine. Heat is recovered from the engine to drive a cabinet dryer, an 12 
absorption chiller and maintain anaerobic digestion process. The model is developed in Aspen Plus and the results 13 
are used to evaluate the economic viability of the system. The electricity and tri-generation efficiencies are 25.7% 14 
and 74.5%, respectively. Results also suggest that energy demand of 407 farmers can be met including drying of 15 
12190 kg of cassava, 3985 kg of maize and cold-storage of 6080 kg of tomato per farmer every year. At 16 
$0.05·kWh-1 of electricity, the discounted payback period varies between 2.5-4.7 years depending on agricultural 17 
product processed. Levelised cost of energy and profitability index are also sensitive to both interest rate and 18 
plant’s availability which become uneconomical above 9% and below 80%, respectively. 19 
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Nomenclature 29 
Abbreviations 30 
AOAC Association of official agricultural chemists  
AWAC Ammonia-water absorption chiller 
AD Anaerobic digestion 
AP Aspen Plus 
BESP Break even selling point 
CCHP Combined cooling, heat and power 
CHP Combined heat and power 
CM Cow manure  
CMG Co-digested manure with grass silage  
COP Coefficient of performance  
DCI Discount cash inflow 
DPP Discounted payback period  
EDM Electricity demand management 
FITs Feed in tariffs 
FID Flame ionisation detector  
GWP Global warming potential 
HRT Hydraulic retention time  
HQCF High quality cassava flour 
HX Heat exchanger 
ICE Internal combustion engine 
IRR Internal rate of return 
LCOE Levelised cost of energy 
NPV Net present value 
NRTL Non-Random Two-Liquid model  
OLR Organic loading rate  
ORC Organic Rankine cycle 
PI Profitability index  
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PEIO Primary energy input/output ratio 
PES Primary energy saving  
PESR Primary energy saving ratio 
PHL Post-harvest loss 
REA Rural electrification agency  
RCSTR Continuous stir tank reactor  
RSTOIC-R Stoichiometric reactor  
SSA Sub-Saharan African 
SCF Standard cubic feet 
SDCF Sundried cassava flour 
TDM Thermal demand management 
Symbols 31 
LHV Lower heating value (kJ·m-3) 
T Temperature (oC) 
M Mass (kg) 
C Specific heat capacity (kJ·kg-1·oC-1) 
Q Heat (kJ·day-1) 
µ Efficiency (%) 
Scripts 32 
AD Anaerobic digestion 
Amb Ambient 
B Boiling 
c Cold storage 
CH4emit Methane emission. 
d Duty 
e Electricity 
eq equivalent 
F Final 
I Initial 
prod production 
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st Storage 
T Tomato 
t Total 
V Vaporisation 
W Water 
  
1. Introduction 33 
In contrast to what is obtainable in the developed countries, food losses within India, East Asia, and Sub-34 
Saharan African (SSA)  regions are predominant within the early stage of food value chain [1]. In these economies, 35 
more than 600 million tonnes of food is lost at post-harvest (PHL) stage with an annual cost of $310 billion. In 36 
SSA countries, about $4 billion worth of grain is lost between “field and fork” and estimated to be equal to food 37 
imported and all the foreign aids received in a decade [2]. For tropical countries, the average daily temperature 38 
between 20-30⁰C and high relative humidity above 70% predispose the harvested crops to deterioration especially 39 
in the absence of adequate storage and transport facilities [3].  Besides, cropping activities is majorly rainfed in 40 
SSA. Crops are matured and harvested at the same time, which results in supply exceeding demand during 41 
harvesting periods [4]. Thus, the reduction of food loss across all levels of the food chain has become a global 42 
priority, particularly for food-producing communities in developing and least developed countries. The averted 43 
loss of food could reduce economic losses, costs of food production, waste generation and land degradation.  44 
Meanwhile, energy has been described as the “missing link” of sustainable development since other goals 45 
are strongly related to the accessibility to reliable energy [5, 6]. For instance, the uses of renewable energy 46 
technologies for food processing in rural areas have vast potentials of lifting rural people out of poverty as well 47 
as significantly increasing food security [7]. The continuous global demand for energy, the finitude of fossil fuels, 48 
concerns for environment and intermittency nature of solar systems have necessitated an increased demand for 49 
the biomass-based renewable energy sources [8]. Bioenergy is usually obtained from biomass materials by 50 
thermochemical methods such as combustion, gasification, and pyrolysis or through biological degradation using 51 
anaerobic digestion (AD). To enhance efficiency and reduce the cost of utilising bioenergy, these energy sources 52 
can be used simultaneously for cogeneration i.e. combined heat and power (CHP) or tri-generation i.e. combined 53 
cooling, heat and power (CCHP). Also, the addition of other heat driven device such as heat pump or biofuel 54 
processing results in the poly-generation process. Thus, because of these benefits, numerous research works have 55 
been carried out to evaluate biomass-fuelled CHP systems with regard to technical, economic and policy 56 
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requirements [9]. Pöschl et al. [10] investigated the primary energy input/output ratio (PEIO) to describe the 57 
efficiency of different small-scale biogas driven CHP systems. Results indicated that stirling engine had the lowest 58 
PEIO which could be attributed to its higher thermal efficiency of 72% when compared to other engines. Similarly, 59 
Usack et al.[11] assessed the performance of AD plants in the US dairy farms in terms of environmental and 60 
economic life-cycle framework. The profitability of the systems was found to be influenced by gate fee revenues 61 
rather than electricity prices. Moreover, the study indicated that the combined revenues from the selling of 62 
electricity and gate fee may not necessarily guarantee financial viability of farm-based AD systems. Besides, most 63 
farm-based biogas CHP systems were less energy efficient as only 20-25% of process heat was utilised while the 64 
rest of low-grade heat was wasted [12]. Later, Usach et al. [13] studied a farm-based biogas fuelled tri-generation 65 
system with different cooling pathways. Results indicated that none of the pathways increased the economic 66 
viability of the plant due to low electricity prices and low conversion efficiencies. Lantz [14] analysed the 67 
economic viability of different manure-based biogas powered CHPs in Sweden. It was indicated that none of the 68 
assessed scales was profitable since there existed gaps between biogas production cost and the break-even selling 69 
point (BESP) that may need to be covered by a special policy. Similarly, Huang et al. [15] evaluated a biomass 70 
gasification organic Rankine cycle (ORC)-CHP system using different sources of biomass and load applications. 71 
Results revealed that while such configurations could improve system efficiency, the BESP varied from 87-97 72 
£·MWh-1 which was higher than the prevailing value of 40-50 £·MWh-1 for ORC-CHP systems.  73 
         Also worth noting that the application of CHP systems in rural areas of developing tropical countries 74 
represent another scenario which may be greatly influenced by the economic policies. Our previous work 75 
investigated a biogas fuelled CHP system for onsite drying of agricultural products [16]. It was indicated that the 76 
discounted payback period (DPP) was 3.2 years with the inclusion of Feed-in tariffs (FITs), but such systems’ 77 
scale was not currently captured on Nigerian FITs system since it was less than 1 MW. Since a rural community 78 
in Nigeria is selected as a case study in this paper, the relevant policies about renewable energy systems are 79 
generally illustrated to further elaborate its novelty and significance. Currently, grid-connected residential and 80 
commercial consumers in Nigeria hardly access the electricity above 40 hours per week [17] and this has 81 
necessitated both diesel and gasoline powered self-generated electricity within the country which presently cost 82 
between $0.45-0.75·kWh-1. These self-generated systems are not only expensive but also cause noise and 83 
environmental pollutions. Besides, private participation in rural electrification has been very slow. Therefore, to 84 
attract private investors participation in rural electrification, Rural Electrification Agency (REA) adopts a cost 85 
reflective tariff model, which capped the internal rate of return (IRR) to 15% [18] and a tariff is agreed between 86 
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the developers and rural communities while REA only ensures that the interest of both parties are protected. 87 
Depending on the size and technology, average electricity tariffs from different cases are around $0.42·kWh-1, 88 
which is considered too much for the impoverished farmers.  89 
Although CHP systems have been widely studied for different occasions, few studies were reported on the 90 
application in rural farming communities especially in the aspect of technical and policy requirements.  91 
Application of a decentralised distributed energy system has not been fully investigated particularly where 92 
electricity delivery is combined with basic processing of agricultural products. Therefore, a techno-economic 93 
evaluation of a small-scale AD biogas driven CCHP system is conducted in this paper, which aims at assessing 94 
the impact of rural electricity delivery with food processing. The interest is to appraise whether extra generated 95 
incomes from the integrated system are able to offset the burden of high tariffs on the farmers while yielding 96 
reasonable returns. Besides, a sensitivity analysis is further investigated on the effect of digester stability, 97 
operational parameters and environmental tax on the economic feasibility of the plant. Therefore, the case study 98 
is insightful not only for SSA but also for rural communities in developing countries.  99 
 100 
2. Materials and methods 101 
Approaches adopted in this study are fieldwork, self-administered questionnaire survey and laboratory 102 
analysis of a local cattle market waste for AD suitability. The relevant details could refer to our previous work 103 
[19]. The field work and survey were carried out to assess the farmers’ current energy usages and demands. Aspen 104 
Plus process simulator is used for the simulation of AD system, heat recovery, and the CCHP system while net 105 
present value (NPV), DPP and levelised cost of energy (LCOE) as described by Short et al. [20] are selected for 106 
presenting the economic feasibility of the model. Two villages within the same district are selected as the case 107 
study for the survey. The villages are purely agrarian communities in Ibarapa central local government area of 108 
Oyo state, Nigeria and about 142 km north of Lagos and 122.9 km west of Ibadan. Although one of the villages 109 
(Idere) has been connected to the national grid for more than a decade, the electricity availability hardly exceeds 110 
40 hours per week. The second village–Jagun is never connected to the national grid and has around 500 farmers 111 
living in about 200 houses and huts.  112 
 113 
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2.1. Estimation of electricity, heating and cooling demands 114 
2.1.1. Electricity demands 115 
         Using a simple random sampling, one hundred farmers are selected from Jagun village. The criteria used are 116 
1) adult farmer; 2) permanent settler and 3) self-employed farmer. This is because a young adult may still be 117 
working with or for his parents. Hence, the independence age varies from 18-25 years depending on the 118 
circumstances. For instance, a young adult male farmer who is the only son of the family is more likely to become 119 
independent and settle down earlier than his counterpart with aged parents. In order to obtain a reasonable 120 
representative sample, a two-stage stratified random sampling is adopted for Idere village. The traditional 121 
administrative structure usually divides big villages into clusters of blood-related extended families called 122 
compounds [21]. Idere comprises of about sixty compounds half of which is further classified as big compounds 123 
while the remaining half is regarded as small compounds. Therefore, these compounds are taken as enumeration 124 
areas where three and two respondents are randomly selected from each of the big and small compounds, 125 
respectively. Thus 150 questionnaires were administered in Idere while 100 were administered at Jagun village. 126 
 The essence of administering the questionnaire in Idere is to use its electricity consumption pattern as a 127 
guide for the electricity demand of non-grid connected consumers. Comparably, the quantity and daily usage 128 
duration of the current devices used for lighting of Jagun residents are taken into consideration. Table 1 shows the 129 
daily electricity usage for the village. Only 25% of the grid-connected consumers currently use the refrigerator. 130 
The recommended daily electricity consumption of the fridge is 1200 Wh·day-1. Thus 1200 Wh·day-1 is also 131 
considered as the base load while 3450 Wh·day-1 is the peak electricity demand. 132 
 133 
Table 1. Daily electricity demand per farmer. 134 
Load purpose Numbers Power (W) Time (h) Consumption (Wh·day-1) 
Lighting  4 20 12 960 
Television 1 80 6 480 
Refrigerator 1 300 4 1200* 
Radio 1 10 9 90 
Ceiling fan 2 30 12 720 
Total                                                                                      3450 
*Currently used by only 25% of the grid-connected villagers. 135 
 136 
2.1.2. Heating and cooling demands 137 
Energy requirements for drying and cooling of agricultural products are evaluated based on the following 138 
factors: a) farm size; b) crop cultivated; c) cultivation systems and processing requirements. From the survey, the 139 
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average farm size within the study area is 2.7 ha per farmer. The predominantly cultivated crops are cassava, 140 
maize, tomatoes, and cashew. The share of farm size currently used for each crop and the number of planting or 141 
harvesting times per year are presented in Table 2. However, cashew is a perennial crop and harvesting is done 142 
once during the dry season. Thus, special drying of the nuts is not required and it is excluded from the estimation. 143 
 144 
Table 2. The land share of crops cultivated per farmer. 145 
Crop Land share (ha) 
 
Number of planting per year 
Cassava 1.579 ±0.11 1 
Maize 1.077 ±0.14 2 
Tomatoes 0.769 ±0.07 2 
Cashew 0.486 ± 0.03 Perennial 
 146 
The following assumptions are considered to calculate the required energy demand for drying: 147 
• Farmers maintain the current farm size and area cultivated per crop. 148 
• Cassava drying is for cassava cake since most staple foods from cassava are traditionally made from the 149 
cake. 150 
• The moisture content (wet base) of the cake is 40% while flour is 10%. 151 
• The moisture content (wet base) of maize from the field is 25% and usually dries to 12%. 152 
• Maize and tomato are traditionally intercropped with cassava in Nigeria [22] and they are currently 153 
practiced by the farmers. 154 
• Average atmospheric temperature is 25⁰C which is the average temperature of the study area. 155 
The crop production, area planted and yield per hectare for the selected crops are shown in Table 3. 156 
 157 
Table 3. Annual Nigeria crop production and yield [23]. 158 
Crops Area planted (ha) Production (T) Yield (T·ha-1) Annual production per farmer (kg·year-1) 
Cassava 7102300 54831600 7.720 12190±0.85 
   Maize 5849800 10790600 1.850 3985±0.52 
Tomato 541800 2143500 3.956 6084±0.28 
Cashew 380744 894368 2.349 1111±0.07 
 159 
From Table 3, 12190 kg of cassava is to be dried per farmer every year. Therefore, the required water to be 160 
evaporated is calculated from equation 1. 161 
𝑀𝑤 =  𝑀𝐶 (𝑀𝐶𝑖 − 𝑀𝐶𝑓)                                                              (1) 162 
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where 𝑀𝑤 , 𝑀𝐶 , 𝑀𝐶𝑖 , and 𝑀𝐶𝑓  are masses of water, cassava, initial and final moisture content of cassava 163 
respectively. 164 
Total heat required to evaporate water is the summation of the sensible heat required to boil the water with 165 
the latent heat of vapourisation and it is expressed as equation  2. 166 
𝑄𝑇 = 𝜇𝑑𝑟𝑦(𝑀𝑤 𝐶𝑝(𝑇𝑏 − 𝑇𝑎) + 𝑀𝑤 𝐻𝑉)                                                    (2) 167 
where QT is the total heat required (kJ·day-1), 𝜇𝑑𝑟𝑦 is the efficiency of the dryer, Mw is mass of water (kg), Hv 168 
represents the latent heat of vaporisation of water (2260 kJ·kg-1), 𝐶𝑝 is the specific heat capacity of water (4.2 169 
kJ·kg-1·⁰C-1) while Tb and Tamb are the boiling and ambient temperatures (⁰C). The first part of the equation on the 170 
right side is the required sensible heat while the second part is the latent heat of vapourization. Thus, the required 171 
heat for cassava drying is calculated to be 42660 kJ·day-1, which dries 21.4 kg of cassava per farmer every day. 172 
As for the tradition from the village, cassava processing is not done daily but fortnightly in larger quantity by the 173 
farmers. Besides, harvesting is done throughout the year but not at the same time. Thus, it is assumed that while 174 
dryer duty for cassava can be scaled up with  42660 kJ·day-1 per farmer, a farmer can bring multiplier of 21.4 kg 175 
for drying since the current farm size and area cultivated per crop assumingly remain unchanged. For example, 176 
farmer A can bring 300 kg of cassava for fortnightly drying while farmer B can bring 450 kg for drying every 177 
three weeks. Similarly, the heat required to dry maize is equally evaluated as 5503 kJ·day-1 while the total heat 178 
required for drying per farmer is 48163.4 kJ·day-1. 179 
The energy required for cooling of agricultural products of a typical farmer is estimated by using the 180 
following assumptions: 181 
• Tomato represents the vegetable to be cold stored. 182 
• The harvested tomato is refrigerated to control market influx during harvesting. 183 
• The absorption chiller is used for cold storage. 184 
• Tomato is stored for two weeks at 12⁰C [24]. 185 
The quantity of tomato to be cooled could be evaluated as 6080 kg·farmer-1·year-1.  186 
Thus the required cooling demand per day Qcold could be calculated as equation 3.  187 
𝑄𝑐𝑜𝑙𝑑 =  𝜇𝑐𝑠 (𝑀𝑤 𝐶𝑃𝑤(𝑇𝑎𝑚𝑏 − 𝑇𝑠𝑡) +  𝑀𝑇  𝐶𝑃𝑇(𝑇𝑎𝑚𝑏 − 𝑇𝑠𝑡))                                         (3) 188 
where 𝜇𝑐𝑠 is the efficiency of the cold storage system that includes heat loss, Mw and MT  are masses of water and 189 
dry weight of tomato (kg·day-1), CPW and CPT are specific heat capacities of water and tomato (kJ·kg-1·⁰C-1) while 190 
Ts and Tamb represent storage and ambient temperature (⁰C).  191 
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The specific heat capacity of tomato is taken as 3.98 kJ·kg-1·⁰C-1 and the moisture content of predominantly 192 
grown local breed of tomato is 94.6% (wet base) [25]. However, the average ambient temperature of the study 193 
area is 25⁰C. Hence, these values are adopted. Then, the energy required for cooling per farmer is 1210 kJ·day-1, 194 
which indicates 13 kg of tomato per farmer for daily cold storage. However, market day within the area is five-195 
day interval and this tradition shapes harvesting of perishable agricultural products like tomato. During harvesting 196 
periods, tomato is harvested every five days particularly four days prior to market day. The vegetables are then 197 
held under the shed for three days for curing,  sorted,  packaged and sold in the following day. This study assumes 198 
that the aforementioned unit operations are traditionally conducted under ambient conditions, and only packaged 199 
tomatoes are kept in the cold storage. Similar to the assumptions for cassava, a farmer can cold-store multiplier 200 
of 13 kg of tomato since the current farm size and area cultivated per crop expectedly remain unchanged. Therefore, 201 
total energy demand per rural farmer every day is presented in Table 4. 202 
 203 
Table 4.  Daily energy demand per rural farmer. 204 
Energy type 
Unit 
Average amount 
Electricity (Wh·day-1) 
Wh·day-1 
3450 
Drying (kJ·day-1) 
kJ·day-1 
48163 
Cooling (kJ·day-1) 
kJ·day-1 
2010 
 205 
2.2. Description of the system flowsheet  206 
The flowsheet for the proposed CCHP in this study is shown in Fig. 1 and some important boundaries are 207 
also presented. The system mainly consists of two parts: one is AD processing subsystem, which contains a mixer, 208 
a digester, a biogas cleaner, and a storage tank; the other is internal combustion engine (ICE) power generation 209 
subsystem, which contains an ICE, an ammonia-water absorption chiller, a drying unit and a heat exchanger (HX). 210 
The process is illustrated as follows: cattle market waste (1) with the boundary parameters [10.3 T, 25⁰C, 1 bar] 211 
is crushed and diluted with water (2) to a 10% total solid. The mixture is then conditioned and utilised as the 212 
feedstock (3) [55.6 T, 55⁰C, 1 bar] for the thermophilic AD process to produce biogas (4) with methane to carbon-213 
dioxide ratio (50.6:36.2). The produced biogas is then water scrubbed for the removal of a part of CO2 before 214 
stored in the tank (5) [899.8 kg·day-1, 25⁰C, 9.5 bar]. Thorough purification of methane is not intended as the ICE 215 
mover is designed to work on low-grade fuels of about 67% CH4. The cleaned biogas (6) is then used to fuel an 216 
ICE with a capacity of 72 kW. Heat is recovered from the water jacket coolant. It is subsequently utilised as the 217 
heat input (7) and flows back (8) for the AD process. Since heating demands are much higher than cooling 218 
demands, the flue gas is first used for crop drying (9) and the outlet temperature of HX is at 200⁰C (10). The 219 
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recovered heat is used to heat the drying air at 65⁰C (11) [100 kg·batch-1, 65⁰C, 1 bar]. The exhaust gas is then 220 
used to drive the absorption chiller. The temperature of the heat sink reservoir is 25oC. Its inlet and outlet 221 
temperatures of chilled water at the evaporator 12.5⁰C and 7.5⁰C, respectively. Chilled water (13) is pumped into 222 
the crop storage (14) and flow back (15) to remove heat from the stored products [3.75 T·year-1, 12⁰C, 1 bar]. The 223 
gas then exits at 120⁰C which could be further used for domestic hot water (12).  224 
 225 
  226 
Fig. 1. Flowsheet of the proposed CCHP system. 227 
 228 
2.3. Process simulation 229 
Aspen Plus software is appropriate to estimate the thermodynamic performance of chemical and hydrocarbon 230 
systems. The systems are broken into unit operations called block, and each block is modelled as a separate 231 
thermodynamic control unit. Blocks are connected with streams (materials, heat, and work) to form a complete 232 
process while the output of a block serves as the input to the next block. However, operating conditions of the 233 
streams and blocks such as flow rates, compositions, temperatures, pressure as well as the appropriate fluid 234 
package must be specified by the users [26]. Analysis and simulation approaches of the studied system can be 235 
found in Fig. 2.   236 
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 238 
Fig. 2. Analysis and simulation approaches of the studied system. 239 
 240 
2.3.1. Anaerobic digestion process 241 
Waste samples are collected from the local cattle market. Analysis of moisture content, total solids, volatile 242 
solids, ash contents, crude protein, and crude lipids are carried out by using the association of official agricultural 243 
chemists (AOAC) analytical methods. Carbohydrate content is calculated as the difference between 100 and the 244 
sum of crude protein, crude fat and ash content of the sample which is illustrated as equation 4. Then, the AD 245 
process modelling and validation are conducted. 246 
%𝐶𝑎𝑟𝑏𝑜ℎ𝑦𝑑𝑟𝑎𝑡𝑒 = 100 − (%𝑐𝑟𝑢𝑑𝑒 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 + %𝑐𝑟𝑢𝑑𝑒 𝑓𝑎𝑡 + %𝑎𝑠ℎ)                           (4) 247 
AD process is often governed by four complex stages which work together to produce methane and CO2: 248 
hydrolysis, acidogenesis, acetogenesis, and methanogenesis. The modelling of AD refers to the previous work 249 
[27], which is based on IWA AD model 1 [28]. The kinetic reactions of the model are modified and the 250 
composition is adjusted for its appropriateness to the present work. The above mentioned processes are separated 251 
into two reaction sets. Reaction set 1 symbolises hydrolysis phase and is denoted with the stoichiometric reactor. 252 
Initial conditions
Assumptions 
in Section 2.1
Feedstock characteristics
in Table 6
Key operating conditions
in Table 8
Economic parameters
in Table 9
Biomass feedstock Water
Anaerobic digestion subsystems
Cleaning subsystems
ICE and heat driven subsystems
Design configuration 
Aspen plus simulation
Parameter study 
Organic loading rate
Biogas composition
Interest rate
Systems availability
Types of crops handled
Output Thermodynamic performance Economic performance 
Electricity
Dried agro-products
Energy efficiency
Profitability index
Net present value
Cold agro-products Primary energy saving ratio
Discounted payback periods
Levelised cost of energy
Carbon tax
Fuel cost
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The fractional conversion which represents the extent of degradation of major biomass components 253 
(carbohydrates, protein, and lipids) is fixed. Inputs in hydrolysis reactor are the pre-set feedstock flow rate, 254 
temperature (55⁰C), pressure (1 bar), total solid (10%) and mass fractions of the aforementioned major biomass 255 
compositions and ash content as percentage of the total solid. Reaction set 2 encompasses the last three phases of 256 
AD processes and is modelled with the continuous stir tank reactor (RCSTR). It is a time and temperature 257 
dependent step. Therefore, the temperature, reactor volume and the hydraulic retention days are stipulated. In 258 
addition, it is regulated with the kinetic constants, which are specified in the FORTRAN statements through 259 
calculator blocks. Non-Random Two-Liquid model (NRTL) is chosen as the property method as it relates and 260 
estimates the mole fractions and activity coefficients of different compounds, while the model also facilitates the 261 
liquid and the gas phase in the biogas production. AP model of the AD system is indicated in Fig. 3. 262 
 263 
 264 
Fig. 3. Aspen Plus simulation of AD and cleaning process. 265 
 266 
To validate the AD model, a comparison between simulation and experiment is necessary. The model is 267 
validated with two experimental case studies involving co-digested cow manure with grass silage as feedstock 268 
[29] and cow manure [30]. Details of the feedstocks, operational parameters, and model performance are presented 269 
in Table 5. 270 
 271 
Table 5. Case studies for the validation of the model. 272 
Parameter Case A [29] Case B [30] 
Feedstock Co-digested cattle manure with grass Cow manure 
Volume (L) 5 5 
Digestion temperature (C) 55 55 
Organic loading rate (gVSL-1·d-1) 0.2 0.33 
Hydraulic retention Time (days) 20 15 
Feed
Water
Mixer
FeedSto
Hydrolys
RStoic
2
B3
RCSTR
Biogas
Digestat
Separator
Flash2
CleanBio
Reject
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Total solid (%) 4.8 6 
Volatile solid (%) 64 80 
Experimental biogas production (L.day-1) 268 353.5 
Predicted biogas production (L.day-1) 282.50 356.89 
Percentage differences (%) -6.68 +5.4 
 273 
It is observed that daily biogas production from the co-digested feedstock is under-predicted by 6.68% while 274 
the mono-digested system is over-predicted by as much as 5.4%.  However, this is reasonable given the fact that 275 
the simulation is kinetic rate-based and expected to have some limitations in perfectly predicting complex 276 
biochemical systems like the AD process. Thus, the model could be considered to be appropriate since ±10% is 277 
reasonable in comparison with real experimental results [31].  278 
           Thereafter, the model is used for the AD process of 10.3 T·day-1 of the cattle market waste (daily waste 279 
generated from the cattle market as estimated during the field survey). The aforementioned parameters i.e. 280 
feedstock characteristics of the cattle market wastes are used as the inputs in the simulation process as shown in 281 
Table 6. 282 
 283 
Table 6. Feedstock characteristics of the cattle market wastes. 284 
Proximate analysis Ultimate analysis 
Particulars Amount Constituents % by weight 
Moisture content % (wet basis) 45.04±1.50 Carbon 40.73±1.20 
Total solids (%) 55.04±3.05 Hydrogen 5.17±0.75 
Volatile solids (%) 60.3±2.50 Oxygen 31.47±1.55 
Ash content % (wet basis)  Nitrogen 2.87±0.67 
Carbohydrate (carb) (% of TS) 68.20±2.70 Sulphur 0.61±0.07 
Neutral detergent fibre 53.50±3.40 Ash 19.15±1.70 
Acid detergent fibre 40.10±2.11   
Acid detergent lignin 13.40±0.92   
Raw protein (% of TS) 9.50±0.66   
Raw fat (% of TS) 2.30±0.67   
 285 
2.3.2. Thermodynamic analysis of CCHP 286 
 Fig. 4 demonstrates the AP model of CCHP system which is composed of a 72 kW ICE, heat recovery, cold 287 
storage, and drying unit.  288 
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 290 
Fig. 4. Aspen model of CCHP system. 291 
 292 
The mover is an ICE and its combustion chamber is modelled with the stoichiometric reactor (RSTOIC-R) 293 
which is recommended when the extent of reaction is ensured but the reaction kinetics are unimportant. The only 294 
combustible material in the biogas is methane. Thus, the reaction in RSTOIC-R is indicated as equation 5 with 295 
the fractional conversion of 1 for CH4 i.e. complete combustion while pressure equals to the manufacturer’s stated 296 
compression ratio, and vapour fraction is an additional input to the reactor. Other inputs are the fuel and air flow 297 
rates. 298 
𝐶𝐻4 +  2𝑂2 = 2𝐻2𝑂 + 𝐶𝑂2                                                             (5) 299 
  Peng Robinson equation of state is selected as the property method based on its suitability for predicting 300 
thermodynamic properties of petrochemical materials at high temperatures and pressures [32]. The main 301 
compressor has an isentropic efficiency of 85% and the compression ratio is adjusted to match the engine’s 302 
technical parameter. Besides, both discharge pressure and isentropic efficiency are defined for the expander.  303 
The simulated chiller is a 5 tonne Robur ammonia-water absorption chiller (AWAC) which refers to the 304 
previous work [33] by adjusting heat exchanging units. The absorber and condenser reject heat to the atmosphere 305 
and are modelled with counter-current heat exchangers. Since refrigerant exits condenser as a pure liquid, the 306 
design parameter of vapour fraction is defined as zero. Moreover, the specified parameter for the absorber is also 307 
zero vapour fraction for the stream that leaves the absorber. The defined parameter for the evaporator is the 308 
difference between hot stream inlet and cold stream outlet which are 12.5⁰C and 7.5⁰C, respectively. Thus, this 309 
allows the temperature difference between hot stream inlet and cold stream outlet to be determined. The generator 310 
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is modelled with the reactor with the following defined parameters: pressure drop, reflux mass ratio, bottom mass 311 
flow rate, pressure, and isentropic efficiency. Peng Robinson equations of states with Boston-Mathias 312 
modifications are selected as the property methods [33]. To account for heat loss between the evaporator and cold 313 
room, the efficiency is assumed as 70%. Storage of tomato lasts two weeks at 12⁰C since it is living tissue and 314 
suffers from chilling injury at a temperature below this. 315 
Among other methods, agro-food drying can be sustainably carried out using the recovered heat [34]. Thus 316 
in this study, the recovered heat is used in an Atesta dryer. Drying is simulated as a cross flow convective cabinet 317 
dryer with the cross-sectional area of drying trays [35]. The duty of the dryer is 44.24 kW, which is modelled for 318 
the drying of cassava cake (40% moisture content on a wet basis) to high-quality cassava flour (HQCF) (10% wet 319 
basis). Cassava cake is represented as starch and cellulose and modelled as conventional solid streams with particle 320 
size distribution since it is both inert and particulate. The drying temperature and residence time are set at 65⁰C 321 
and 24 hours to mimic the stipulated drying conditions of the Atesta dryer. This allows the mass flow rates of 322 
cassava cake to be determined. Verifications of the ICE, absorption chiller and dryer are carried out with 323 
manufacturers’ data and results from empirical studies. The ICE is validated with the manufacturers’ data as 324 
reported in our previous work [16]. The ammonia water absorption chiller is compared with the experimental data 325 
from reference [36]. A feature of well-converged simulation of the absorption system is the similarity of streams 326 
entering and exiting the system. It reflects both mass and energy balance within the system. The streams are shown 327 
in Table 7. It is indicated that the streams are similar but the outlet stream is 0.3% lower than the inlet stream. 328 
However, this may be attributed to some heat loss within the system. The operational parameters used for the 329 
simulation of different components of the system is then presented in Table 8. Energy source and fuel consumption 330 
of the original dryer is used to determine the mass flowrate of exhaust gas. 331 
  332 
Table 7. Comparison of entering and exiting streams for the absorption chiller. 333 
Particulars Entering stream Exiting Difference (%) 
Mass flow rate (kg·h-1) 91 91 0.0 
Temperature (⁰C) 45.00 44.85 0.3 
Vapour fraction (%) 0.00 0.00 0.0 
 334 
Table 8. Key operating parameters of the system. 335 
Item Parameter Value 
ICE 
Power (kW) 72 
Combustion air flowrate (m3·h-1) 294 
Exhaust stack gas temperature (oC) 581 
Exhaust gas flowrate (m3·h-1) 324 
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Heat rejection to water jacket and lubricant (kW) -115 
Compression ratio 10.5 
Ammonia-water 
absorption chiller 
Power (kW) 17.7 
Ambient temperature (oC) 25 
Cooling system Air cooled 
Pressure drop 0 
The effectiveness of heat exchangers 0.67 
Isentropic efficiency of the pump 90% 
Inlet stream: NH3 mass fraction 0.437 
Inlet stream: water mass fraction 0.563 
Inlet stream: vapour fraction 0 
Inlet stream: mass flow rate (kg·s-1) 0.252 
Dryer 
Capacity (kg·batch-1) 100 
Dryer type Cabinet 
Drying fluid Air 
Drying temperature (oC) 60-70 
Drying time (h) 24 
Energy source Propane 
Fuel consumption (kg·h-1) 0.5 
 336 
Thermodynamic evaluation criteria are then illustrated using the following descriptions. The electrical 337 
efficiency and overall energy efficiency are adopted to evaluate the performance of the CCHP system which is 338 
defined in equations 6 and 7, respectively.   339 
𝜇ele =
𝑊
𝑀𝑏𝑖𝑜𝑔𝑎𝑠.𝐿𝐻𝑉𝑏𝑖𝑜𝑔𝑎𝑠
 ×  100%                                                      (6) 340 
𝜇all =
𝑊+𝑄𝑐+𝑄𝑑+𝑄𝐴𝐷
𝑀𝑏𝑖𝑜𝑔𝑎𝑠.𝐿𝐻𝑉𝑏𝑖𝑜𝑔𝑎𝑠
 × 100%                                                      (7) 341 
where W is the electricity production by the CCHP (kJ·h-1), Qc is the cold storage duty (kJ·h-1), Qd is the duty of 342 
the dryer (kJ·h-1), QAD is the heat supply to the AD system (kJ·h-1), Mbiogas is the fuel consumption rate of the ICE 343 
(kg·h-1), while LHVbiogas is the lower heating value of biogas (kJ·m-1), 𝜇ele and 𝜇all  are the electrical and overall 344 
efficiency, respectively.       345 
Primary energy saving ratio (PESR) is used to analyse the performance of the CCHP system and a separated 346 
generation unit with a similar product [37]. In the case study, most generating sets above 5 kW are driven by 347 
diesel while the simulated Atesta dryer is currently powered with propane. In this case, to calculate the PESR of 348 
a poly-generation system, the biogas fuel is replaced with diesel for electricity generation while the dryer is 349 
separately driven by propane. Hence, the primary energy saving (PES) and PESR are defined as equations 8 and 350 
9, respectively [38, 39]. 351 
𝑃𝐸𝑆 = 𝑀𝑑𝑖𝑒𝑠𝑒𝑙 + 𝑀𝑝𝑟𝑜𝑝𝑎𝑛𝑒 − 𝑀𝑏𝑖𝑜𝑔𝑎𝑠                                                 (8) 352 
𝑃𝐸𝑆𝑅 =
𝑃𝐸𝑆
𝑀𝑑𝑖𝑒𝑠𝑒𝑙+𝑀𝑝𝑟𝑜𝑝𝑎𝑛𝑒
= 1 −
1
𝜇𝑒𝑙𝑒
𝜇𝑑𝑖𝑒𝑠𝑒𝑙
+
𝜇𝑡ℎ−𝑐ℎ𝑝
𝜇𝑎𝑡𝑒𝑠𝑡𝑎
                                          (9) 353 
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where Mdissel and Mpropane represent fuel consumption rate (kg·h-1) of diesel to produce similar electricity and fuel 354 
consumption rate (kg·h-1) of Atesta dryer to produce similar dryer duty.  Besides, 𝜇diesel denotes the efficiency of 355 
separate diesel powered unit while 𝜇th-CHP and 𝜇atesta are thermal efficiencies of CHP and Atesta dryer, respectively.  356 
 357 
2.3.3. Economic analysis 358 
The outputs of the above simulations are used as the inputs for economic evaluations. The model is built and 359 
evaluated in the Excel spreadsheet. The general analysing process is illustrated as follows: the power plant is first 360 
broken down into each operating unit e.g. feedstock gathering, pre-treatment, AD, biogas cleaning, biogas storing, 361 
mover, heat recovery, chilling, drying and cold storage. Thereafter, the unit cost of each component in these 362 
processes is obtained from either the suppliers or government agency which is used as the input in the spreadsheet 363 
for calculating the capital cost of the plant. Fixed operation and maintenance costs are taken from the same sources 364 
while variable costs are calculated based on the size of the system and data from existing AD system. For 365 
calculating the income streams under different scenarios, prices of electricity, dried products, and cold stored 366 
agricultural products are assumed to be constant every year while the plant availability is considered to be fixed. 367 
The detailed sources for the economic model are also elaborated as follows: the capital and operating cost 368 
for the plant together with the electricity price are obtained from the Nigeria Electricity Regulation Commission 369 
for biomass-based electricity generation systems. Income from drying is calculated as the difference in the price 370 
of HQCF and price of sundried cassava flour (SDCF) obtained from the Nigerian local market. Maize is 371 
predominantly staple food and there is no much difference in price disparity between sundried and industrial dried 372 
shelled maize in the local market. However, there exists a quality standard for its industrial supply especially for 373 
moisture content and the presence of foreign materials. Thus, processed maize is assumed to be supplied for 374 
industrial use and the price is applied. Agricultural activities in Nigeria typify what is obtainable in most SSA 375 
countries. Thus cold storage is not only used to prolong the shelf-life of the products but also controls the influx 376 
of farming produce during the harvesting period. In this study, the cold room is assumed to be only used for the 377 
storage of tomato. Income from cold storage is taken as the difference between the normal selling price and price 378 
of tomato when the price is crashed due to the oversupply. For instance, during the fieldwork, a 15 kg basket of 379 
tomato at the local market was sold for $5 in July 2017 and later dropped to $1.4 by the first week in September 380 
2017. The investment costs of the chiller and cold room (2.12 m×2.12 m×3.05m) are taken from online suppliers 381 
and Nigerian manufacturers, respectively. Interest rates of 7%, 9%, and 20% are selected for analysis since they 382 
are typical interest rates where are obtainable from Nigeria’s agricultural development bank, bank of industry and 383 
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commercial banks, respectively. Besides, neither salvage values nor inflation rates are considered. The lifespan 384 
and availability are presumed as 20 years and 90%, respectively. Therefore, 11.353 GWh of electricity will be 385 
produced while 10.218 GWh is sold since 10% of the electricity will be consumed onsite. Inputs used for economic 386 
analysis are presented in Table 9.  387 
 388 
Table 9. Inputs for economic analysis. 389 
Parameter Amount Source 
Capital cost ($·kW-1) 2900 NERC, [40] 
Fixed O&M ($·kW-1·year-1) 53.50 NERC, [40] 
Variable O&M ($·MWh -1) 0.95 NERC, [40] 
Fuel cost ($·MWh -1) 5 NERC, [40] 
Parasitic load (%) 10 NERC, [40] 
Electricity price (rural) ($·MWh -1) 13.11 NERC, [40] 
Electricity price (poor urban households) ($·MWh -1) 89 NERC, [40] 
REA proposed average price ($·MWh -1) 420 NERC, [40] 
Electricity prices (considered) ($·MWh -1) 50  
Cassava (sundried) ($·kg -1) 0.12 Local market 
Tomato Dried ($·kg -1) 2.27 Local market 
Tomato cold (normal) ($·kg -1) 0.21 Local market 
Tomato cold (crashed) ($·kg -1) 0.07 Local market 
Grain (maize) ($·kg -1) 1.12 Local market 
Quantity processed (HQCF) (Tonnes·year-1) 20.35 AP model 
Quantity processed (maize) (Tonnes·year-1) 2.313 AP model 
Quantity processed (tomato) (Tonnes·year-1) 3.75 AP model 
Life span (year) 20 Castellanous et al. [41][2] 
Interest rates (%) 7, 9, 20 Online 
Capacity (kW) 72 CAT [42] 
Availability (%) 90 CAT [42] 
Dryer (capacity) (kg·cycle-1) 100 Boroze et al. [35] 
Dryer (cost) ($·unit-1) 3515.78 Boroze et al. [35] 
Dryer O& M cost ($·year-1) 250 Boroze et al. [35] 
Chiller capital cost ($) 11836.1 Local market 
Chiller O&M cost ($·MWh-1) 15 Local market 
 390 
Economic evaluation criteria are then illustrated using the following descriptions. NPV is used to compare 391 
the future return on investment with current investment cost, which is defined as equation 10. 392 
𝑁𝑃𝑉 = ∑
𝐹𝑛
(1+𝑑)𝑛
𝑁
𝑛=0                                                                    (10) 393 
where Fn is the net cash flow ($), n is the analysis period while d is the annual interest rate. 394 
DPP is calculated from the discounted cash inflow (DCI) as shown in equation 11.  395 
           𝐷𝑃𝑃 = 𝐴DCI +
𝐵DCI
𝐶DCI
                                                                 (11) 396 
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where A is the last period with negative cumulative DCI, B is the absolute value of cumulative DCI at the end of 397 
period A, and C represents DCI during the period after A.  398 
DCI could be calculated by equation 12. 399 
𝐷𝐶𝐼 =
𝑅𝑒𝑎𝑙 𝑐𝑎𝑠ℎ 𝑖𝑛𝑓𝑙𝑜𝑤
(1+𝑟)𝑛
                                                              (12) 400 
Profitability index (PI) calculates the ratio between the present value of the future cash flow and capital cost 401 
of an investment which could refer to equation 13. An investor would proceed with a project if PI is greater than 402 
1 while PI less than 1 suggests the investment should be discontinued.  403 
𝑃𝐼 =
𝑁𝑃𝑉
𝐼𝑖𝑛𝑣
                                                                              (13) 404 
where 𝐼𝑖𝑛𝑣 is the initial cost of the investment.  405 
LCOE represents the discounted total life cost of energy production or savings by a project. It yields NPV at 406 
which energy must be sold to break even [43]. It could be calculated as equation 14 [44].  407 
𝐿𝐶𝑂𝐸 = 𝑃𝑒 =
∑
(𝐼𝑛+𝑂𝑛+𝑀𝑛)
(1+𝑑)𝑛
𝑁
𝑛=0
∑
𝐸𝑛
(1+𝑑)𝑛
𝑁
𝑛=0
                                                         (14) 408 
where In, On, Mn, En, and d represent the initial investment cost, operation cost, maintenance cost, electricity 409 
production in year n and interest rate, respectively.   410 
Meanwhile, the viability of the system can be, amongst other factors, affected by the electricity load, fuel 411 
cost, environmental tax, etc. Therefore, some of these factors are used for the sensitivity analysis as follows. 412 
 413 
2.3.3.1. Carbon tax 414 
The environmental opportunity of using biogas is considered when compared to the traditional fuelling of 415 
the generator set with diesel. The carbon dioxide removed during cleaning and upgrading activities as well as 416 
those associated with combustion in the prime movers are usually of biogenic origin and therefore they are 417 
considered to be carbon-neutral [45]. The study assumes the complete combustion of CH4. However, in reality, 418 
the load variations among the other factors do lead to incomplete combustion. Consequently, the un-combusted 419 
CH4 becomes part of the exhaust gas stream. Besides, N2O gas is also part of the combustion products which is 420 
another greenhouse gas (GHG) constituent. However, the emission of these components are quite small and the 421 
good practice in the waste sector do not consider their estimation [46]. Hence, components of GHG in the 422 
aforementioned stages are not valued for the calculation. Meanwhile, the anaerobic digestion process is usually 423 
accompanied with about 5% biogas leakages and this is evaluated in the estimates (Ref.).  424 
According to the work reported by Ayodele et al. [47], the GHG emission of methane from the digester can 425 
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be evaluated from equation 15. 426 
𝑀𝐶𝐻4𝑒𝑚𝑖𝑡 = 0.05 × 𝑀𝐶𝐻4𝑝𝑟𝑜𝑑                                                                (15) 427 
where 𝑀𝐶𝐻4𝑒𝑚𝑖𝑡 and 𝑀𝐶𝐻4𝑝𝑟𝑜𝑑  are the quantity of methane emitted (kg·day
-1) and daily production of methane 428 
(kg·day-1) from the digester. Daily production of methane is obtained from daily biogas production since its 429 
percentage composition is ensured. Consequently, the CO2 emission from the digester is estimated as equation 16. 430 
𝑀𝐶𝐻4−𝐶𝑂2𝑒𝑞 = 𝑀𝐶𝐻4𝑒𝑚𝑖𝑡  ×  𝐺𝑊𝑃𝐶𝐻4                                                        (16) 431 
where 𝑀𝐶𝐻4−𝐶𝑂2𝑒𝑞  represents daily methane mission of CO2 and 𝐺𝑊𝑃𝐶𝐻4  is the global warming potential of 432 
methane relative to CO2 which is assumed as 25kg CO2·kg-1 of CH4 [48].  433 
The amount of diesel (𝑀𝑑𝑖𝑒𝑠𝑒𝑙 in kg·h
-1) required to drive the 72 kW internal combustion engine is obtained from 434 
the Aspen plus model.  Therefore, the CO2 emission from using diesel fuel is evaluated from  equation 17. 435 
𝑀𝑑𝑖𝑒𝑠𝑒𝑙−𝐶𝑂2𝑒𝑞 = 24 ×  𝑀𝑑𝑖𝑒𝑠𝑒𝑙  ×  𝐷𝑠𝑒𝑓                                                      (17) 436 
where 𝑀𝑑𝑖𝑒𝑠𝑒𝑙−𝐶𝑂2𝑒𝑞 is the daily CO2 emission obtainable if diesel is used as the fuel, 24 is the conversion factor 437 
for 𝑀𝑑𝑖𝑒𝑠𝑒𝑙 to daily diesel consumption while 𝐷𝑠𝑒𝑓 is the specific CO2 emission factor for diesel fuel and it is given 438 
as 3.168 kg of CO2 per kg of diesel [49]. Hence, the daily avoided CO2 emission relative to the use of methane is 439 
calculated as indicated in equation 18. 440 
𝑀𝐶𝑂2−𝑎𝑣𝑜𝑖𝑑𝑒𝑑 =  𝑀𝑑𝑖𝑒𝑠𝑒𝑙−𝐶𝑂2𝑒𝑞 −  𝑀𝐶𝐻4−𝐶𝑂2𝑒𝑞                                             (18) 441 
Meanwhile, carbon taxing is not currently well developed in Nigeria as it only covers gas flaring from the 442 
refinery activities and it is currently capped at $3.5 per 1000 standard cube feet (SCF) of gas flared [50]. The 443 
specific CO2 emission of the Nigerian flared gas is 53.1 kgCO2·SCF-1 and this is used to estimate the emission 444 
fine as $0.066·tCO2eq-1.  However, during the 2015 Paris Agreement on Climate Change, through its “Intended 445 
Nationally Determined Contribution,” the Nigerian government pledged a 20% reduction of its GHG emission by 446 
2030 in which reduction of emission from electricity generation is to be prioritised. Therefore, the carbon tax of 447 
$0.066·tCO2eq-1 is used as a base case which is subsequently increased to about $10·tCO2eq-1 which is the current 448 
benchmark for about 85% of the global carbon tax [51]. Effects of these variations on the economic indices are 449 
then evaluated. 450 
 451 
2.3.3.2. Changing in fuel cost 452 
The current practice within the area is open burning of biomass waste, especially during dry seasons. During 453 
wet seasons, the waste is disposed-off in the open dumpsite where it is allowed to slowly decay and release its 454 
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methane to the environment. Hence, the system assumes that biomass is not purchased. However, provision has 455 
to be made for waste gathering, transportation, and other logistics required in taking the feedstock from dumpsite 456 
to the plant site.  The Nigerian Electricity Regulatory Agency currently puts fuel cost at $5·MWh-1 [18]. It is not 457 
expected that this can be constant throughout the lifespan of the project. Hence, 25%, 50%, 75% and 100% 458 
increment in fuel cost are assessed for the economic indices. 459 
 460 
2.3.3.3. Effect of partial load on economic indices 461 
The partial load is expected to affect both the electrical and thermal efficiency of the system. It will not only 462 
affect income streams from the sales of electricity but also the recoverable heat driven devices. This is particularly 463 
challenging for rural communities such as the one being studied where heat demand, due to agricultural activities, 464 
could be said to be constant while electricity demand fluctuates.  Hence, the effect of the load variations on the 465 
economic indices is assessed using 25%, 50%, 75%, and 100% load. 466 
 467 
3. Results and discussions 468 
3.1. AD and thermodynamic performance 469 
Results indicate that about 1969.9 kg·day -1 of biogas can be generated from 10.3 T·day -1 cattle market waste. 470 
Biogas composition varies considerably with substrate used [52]. The predicted composition of the biogas is 471 
illustrated in Table 10. The results predicted by the model for agricultural wastes are within the values reported 472 
from the previous studies. A biogas composition of 40-70%, 25-55%, 0-1%, 0-15%, 0-5%, 0-2%, 0-1% and less 473 
than 1% for methane, CO2, ammonia, water, nitrogen, oxygen, and hydrogen sulphide was reported for food and 474 
agricultural waste by Rasi [53]. Then, the produced biogas is scrubbed to obtain 899.75 kg·day -1 cleaned biogas 475 
with CH4 to CO2 ratio of 65:35, which is subsequently used to fuel the CCHP system. 476 
 477 
Table 10. Composition of biogas from the waste. 478 
Particulars Composition (%) 
Water 11.12 
Methane 50.60 
CO2 36.17 
Hydrogen 0.40 
Ammonia 0.80 
Hydrogen sulphide 0.87 
 479 
The electrical efficiency of the system is 25.7%. Although this electrical efficiency is smaller when compared 480 
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with the conventional gasoline-driven ICEs which are in the range of 30-35% [54]. However, this is reasonable 481 
given that the engine is designed to work with low-grade fuels and some of the features of the gasoline-powered 482 
engines might have been compromised. As the air-oil ratio of the engine is 6.85 compared to around 14.1 for most 483 
standard gasoline engines.  The use of tri-generation increases overall system efficiency to 74.5%. The CCHP 484 
system saves more energy than a separate system and the primary energy saving ratio is 27.74% for the similar 485 
output. This suggests that using a CCHP system is more advantageous than the current practice where both 486 
electricity generation and drying are independently supplied. In order to evaluate the influence of the operational 487 
variables on the performance of the CCHP system, a general sensitivity analysis is conducted in terms of ambient 488 
temperature, external partial load, and biogas composition. 489 
          In Nigeria, there is a temperature difference within agro-ecological zones. The lowest value in the southern 490 
coaster region is 19⁰C while 40⁰C or above are recorded in the North especially during hot seasons. Thus, it is 491 
necessary to evaluate the effect of ambient temperature on the efficiency of the system.  Fig. 5 illustrates the 492 
efficiency of the system with the increase of ambient temperature. As the ambient temperature increases, the 493 
engine efficiency decreases which is the cumulative effect of the temperature increment on heat sinks of the 494 
absorption chiller and the combustion air of the gas engine. Unlike a gas turbine, an increase of atmospheric 495 
temperature does not have a significant influence on its efficiency. However, in the present study the system 496 
efficiency will be greatly affected by the ambient temperature above 50⁰. Also, consumers’ energy demand is also 497 
varied throughout the day which subsequently results in the generator’s load fluctuations. Fig. 6 presented the 498 
variation of engine electrical efficiency with various partial loads. Electrical efficiency slightly decreases with the 499 
load reduction. A reciprocating ICE when used for power generation usually drives a harmonized generator to 500 
generate steady electrical current [55]. Engine load reduction at constant speed resulted an increase in the brake 501 
specific fuel consumption of the engine. Thus, more fuel would be required for producing per kWh of electricity 502 
which will reduce engine efficiency. It is indicated that reciprocating engines perform fairly well with various 503 
partial loads when compared to gas turbines. The difference in engine efficiency at full load and 50% load 504 
predicted by the model is only 9.8% which is consistent with results reported by Gonzalez-Hidalgo et al. [56]. 505 
The ICE is fed with varying composition of biogas to determine its effect on electrical efficiency and recoverable 506 
heat as shown in Fig. 7. It can be observed that the energy content of fuel greatly determines the power production 507 
of a gas engine. This is because the heat content of fuel defines the amount of its available chemical energy that 508 
can be converted to heat and subsequently useful energy. Thus, to meet the electric and heat demands of the 509 
system, it will be uneconomical to operate the system by using the fuel less than 65% methane purity. 510 
24 
 
 511 
 512 
Fig. 5. Variation of electrical efficiency with changing ambient temperature. 513 
 514 
 515 
Fig. 6. Variation of electrical efficiency with various partial loads. 516 
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 518 
Fig. 7. Effects of biogas composition on energy production [57]. 519 
 520 
Duties of the generator, evaporator exchangers and the coefficient of performance (COP) are predicted and 521 
compared with the experimental data which are indicated in Fig. 8. Since condensation and absorption heat are 522 
not included in the work reported by Klein [36], the remained parameters are used for comparison. Results show 523 
that heat delivered to the generator is fixed at 15.8 kW (-0.07%). Both evaporator duty and COP are over-predicted 524 
by 3% and 10.6% respectively. The dryer is able to dry 2,264 kg·day -1 of cassava flour cake that yields 1584.8 525 
kg·day-1 of HQCF while 555.33 kg.day-1 of tomato is for cold storage.  526 
 527 
 528 
Fig. 8. Simulated heat and COP with experimental study. 529 
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 530 
3.2. Economic performance 531 
When the system only generates electricity with 90% availability, considering the present electricity tariff 532 
system where villagers pay $0.013·kWh-1 of electricity, it is not profitable regardless of the banks’ interest rates 533 
as all economic indices are negative. This is because the system is agricultural related and such systems are entitled 534 
to the loan from the Nigerian agricultural development bank, bank of industry and commercial banks with the 535 
interest rates of 7%, 9%, and 20% respectively. At these interest rates, LCOE is $0.082·kWh-1, $0.090·kWh-1 and 536 
$0.141·kWh-1, respectively. Thus, the electricity price below 0.082·kWh-1 remains uneconomical. Besides, by 537 
adopting the combined generation mode, income from the sale of electricity contributes about 31.43% to the 538 
income generation while contributions from processed crops vary between 34% to 68.75% depending on the types 539 
and prices of the products. If the IRR is fixed at 15% as proposed by the rural electrification agency, the expected 540 
DPP will be around 7 years. Variations of DPP with the changing interest rates and prices of electricity are 541 
presented in Fig. 9. If the DPP is fixed at 7 years, only electricity tariffs of $0.05·kWh-1 and $0.089·kWh-1 are 542 
acceptable. From the investors’ perspective, $0.089·kWh-1 shows a better DPP. However, considering the fact that 543 
the farmers are poor, electricity tariff can be fixed at $0.05·kWh-1 since selling at this price only increases DPP 544 
by less than 1.5 years.  545 
 546 
 547 
Fig. 9. Variations of payback periods with different interest rates. 548 
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As indicated in Fig. 10, it is indicated that LCOE is very sensitive to both interest rate and availability. LCOE 550 
increases with the increase in interest rate. Thus at 70% availability, the electricity must be sold above 551 
$0.104·kWh-1 for the system to be economical. The profitability of the system is also significantly influenced by 552 
the type of crops processed as illustrated in Fig. 11. For example, at 9% interest rate, PI is reduced by 23.73% 553 
when the system is used for drying of maize which is a staple food against HQCF i.e. an industrial product as well 554 
as a staple food. At $0.05·kWh-1 and 7% interest rate, when cold storage of tomato is combined with either drying 555 
of HQCF, tomato or maize, the DPPs are 2.5 years, 3.6 years and 4.7 years, respectively. As the reduction in 556 
electricity prices, revenues from the processing of agricultural products have an increasing influence on the 557 
payback period. This is similar to a study reported by Usack et al. [11] on co-digested CHP system for New York 558 
dairy farms where the plants’ profitability was driven by the gate fee rather than the prices of electricity. Therefore, 559 
a thermal management system that ensures the balancing processing of staple food with industrial products needs 560 
to be adopted to enhance the economic viability of the system. Also worth noting that the adoption of tri-generation 561 
system could significantly improve the DPP. Compared with the results of our previous works [16, 57], combined 562 
power and cooling system or heating system has the DPP more than 6 years. Therefore, the more heat driven 563 
products the system is able to produce, the better the DPP but this will be at an increased capital cost of the plants.  564 
 565 
 566 
Fig. 10. Variations of LCOE with interest rate and availability. 567 
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 569 
Fig. 11. Effects of agricultural products processed on viability. 570 
 571 
3.2.1. Effect of digester stability on system economy 572 
It is worth noting that the viability of the entire system strongly depends on the stability of the AD system 573 
which could be influenced by any change of operational parameters e.g. the digestion temperature, PH, loading 574 
rate, etc. A slight change in any of these can lead to a corresponding increase or reduction in the biogas availability. 575 
Thus the cumulative effects of the variations of the above operational parameters on the plant feasibility are 576 
assessed. This is done by varying the daily biogas production by ±10% as shown in Fig. 12.  It is indicated that a 577 
10% reduction of biogas availability leads to a 130% increase in the DPP from 2.5 years to 5.75 years. Therefore, 578 
in addition to biomass availability, adequate management and training of the digester handlers must be put in 579 
place to ensure that none of the operational parameters is compromised.  580 
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 582 
Fig. 12. Effect of biogas stability on the discounted payback period. 583 
 584 
3.2.2. Effect of biogas purity on economic indices 585 
Power output with the corresponding exhaust temperature is presented in Fig. 7. Given the same fuel-air 586 
ratio, the purity of biogas influences both electricity and thermal efficiency. This is because the calorific value of 587 
biogas is a function of its methane content. Consequently, income streams from sales of electricity and products 588 
of thermal driven devices change significantly with the biogas purity. Effect of biogas purity on economic indices 589 
is illustrated in Fig. 13. When the plant is fed with 67.5% biogas purification with an interest rate of 7%, electricity 590 
price of 0.05·kWh-1 and the recovered heat from the system is used for the drying of HQCF and cold storage of 591 
tomato. It is indicated that the PI of the plant reduces by 32.20% compared to the system fuelled with biogas that 592 
has 50% methane composition. 593 
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 595 
Fig. 13. Biogas purity on profitability index. 596 
 597 
3.2.3. Effect of partial load on economic indices 598 
Agrarian communities of tropical countries like Nigeria and other Sub-Saharan countries have a changing 599 
electricity profile [58] while thermal demand for agricultural activities is constant. This is because drying and cold 600 
storage of agricultural products are continuous while farmers generally leave home in the morning and return in 601 
the evening. Also the nursing mothers, aged people, children, and petty traders are left at home during the day. 602 
Thus, morning and evening are generally regarded as peak periods of electricity demand while low demand is 603 
associated with afternoon and night times [59]. In addition to inefficiency associated with unused electricity, it 604 
may not make economic sense by running the system at full load when electricity is not required. When the full 605 
load is not required, the partial load is frequently adopted by the energy plants. With a 7% interest rate and 606 
0.05·kWh-1, the effect of partial load on the DPP is indicated in Fig. 14. Although DPP is greatly influenced by 607 
the crop processed, the result indicates that 25% load is not cost-effective regardless of the crop processed. 608 
Running the plant at 50% of partial load for drying the maize will be uneconomical while DPP increases by as 609 
much as 54.7% for the processing of tomato and HQCF.  It is suggested that if the system is to be run at 50% of 610 
the load, processing of either tomato or HQCF should be prioritised since the DPP is less the 7 years threshold. 611 
Meanwhile, 75% of the load appears to be the best compromise for the system. At this loading rate, the DPP only 612 
increases by 2.40% and 4.72% for processing of HQCF and tomato respectively. During this period, unutilised 613 
electricity can be profitably used for drying purposes. 614 
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 615 
 616 
Fig. 14. Effect of partial load on discounted payback period. 617 
 618 
3.2.4. Effect of changing prices of fuel on project viability 619 
At the moment the market waste is disposed of in the open dumpsite. This is piled-up until the dry season 620 
when it is burnt to reduce the bulkiness. Thus the waste is presumably available free of charge. However, as 621 
indicated in Table 9, a cost of $5·MWh-1 is assigned as fuel cost to cater for the transportation, labour and other 622 
logistics required to transfer the wastes from the dumpsite to the plant. The effect of variation in fuel costs on the 623 
LCOE is shown in Fig. 15. Fuel cost increment up to 50% does not have significant effects on the LCOE. This 624 
may be associated with its relatively lower contribution to the entire operation and maintenance cost compared to 625 
other variable costs. However, the effects become a bit pronounced after 50% increment. At a 7% interest rate, 626 
the LCOE increases by 5.93% and 7.69% for 75% and 100% fuel cost increment respectively. Consequently, the 627 
DPP increases from 4.7 years to 6.2 years when fuel cost increases by 100% for the processing of maize. If 628 
electricity is to be sold at $0.05·kWh-1, any increment in the fuel cost will compromise the income streams from 629 
the sales of electricity. It is therefore suggested that, where possible, the system should be as close as possible to 630 
the source of feedstock. 631 
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 633 
Fig. 15. Effects of increasing fuel costs on levelised cost of energy. 634 
 635 
3.2.5. Effect of carbon tax on system economy 636 
It is assumed that the reduction in carbon emission of the biogas system compared to the currently practiced 637 
diesel system is monetized. Thus, it becomes an avoided tax that is added to the income streams and its impacts 638 
on the viability of the plant is assessed. Fig. 16 presents the effects of the carbon tax on the PI and it started from 639 
“no carbon tax” scenario to what is considered as the “global standard” scenario. Compared to the no carbon tax 640 
scenario, it is observed that the $0.066·tCO2eq-1 currently being charged by the Nigerian government has no 641 
economic significance as the PI only reduces by 0.021%. This probably explains why after many years of 642 
implementation gas flaring continues unabated in Nigeria as it only reduces by 15% [50]. This is because due to 643 
low environmental pollution charge, Nigerian firms find it more convenient to pay such levies than investing in 644 
eco-friendly systems. Besides, increasing the carbon tax to 100% of the current charge does not make much 645 
difference. At this price, PI only reduces by 0.043%. If the Nigerian government is to use carbon tax to encourage 646 
greener production, its carbon tax should move to at least 50% of current global standard value i.e. $10·tCO2eq-1. 647 
The PI reduces by up to 2% with this price.  648 
 649 
 650 
Ba
se 
25
% 
Inc
rem
en
t
50
% 
Inc
rem
en
t
75
% 
Inc
rem
en
t
10
0%
 In
cre
me
nt
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
L
C
O
E
 (
$
·k
W
h
-1
)
 Interest rate 7%
 Interest rate 9%
 Interest rate 20%
33 
 
 651 
Fig. 16. Effect of carbon tax on profitability index. 652 
 653 
4. Conclusions 654 
A biogas driven CCHP system that incorporates power generation with drying and cold storage of 655 
agricultural products is studied. Both mass and energy balance are presented, and the simulated results are further 656 
used for economic analysis in the context of the current renewable energy policies in Nigeria. The following 657 
conclusions can be obtained: 658 
1. For the techno-economic aspect, it is indicated that the proposed system is able to dry 816.73 T of cassava 659 
tubers, 267.33 T of maize and cold-store of 3.365 T of tomato every year. Electricity and poly-generation 660 
efficiencies of the system are 25.7% and 74.5%, respectively. The economic indices i.e. DPP, PI, and 661 
LCOE are sensitive to interest rate, plant availability, digester stability, load variability, and agricultural 662 
product type. As the interest rate varies from 7% to 9%, DPP increases by 7.5% when electricity is sold 663 
at $0.05·kWh-1. Besides, PI reduces by 22.14% and 50% when cold storage of tomato is combined with 664 
drying HQCF or maize.  665 
2. The study also provides an insight into a possible application of CCHP in agrarian communities of the 666 
SSA regions. It is suggested to maintain a low-tariff electricity system with sensible IRR without 667 
unnecessarily putting the burden of extra payment on already impoverished smallholders’ farmers. The 668 
system will benefit from the processing of more cash or industrial crops than staple food crops. 669 
Meanwhile, it is recommended that the system can be operated at 75% during low-load demand. Besides, 670 
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the system could gain benefit if the government is able to adopt at least 50% of the current global standard 671 
of emission tax. Also the adequate planning and training of the plant handlers must be put in place to 672 
avoid frequent shutdown. 673 
The system design in this work is a prediction mainly based on the simulation results by validating each 674 
process. It is still convinced that the study is quite inspired for the application of CCHP in agrarian communities 675 
of the SSA regions. Thus, our future work is to establish a real pilot plant to further demonstrate the feasibility of 676 
the system and compare the performance between experiment and prediction. Also, supportive governmental 677 
decisions and policies are required to quickly promote the CCHP system for rural communities in SSA and other 678 
developing countries. 679 
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